Peculiarities of the shape memory effect development in composites based on the epoxy polymer and various fillers, such as thermoexpanded graphite, aerosils, metallized graphite, and basalt flakes, have been investigated. It has been determined that straining followed by the shape recovery of composites is accompanied by changes in their volume. Extent and character of the changes depend on the ability of fillers to compaction under pressure, deformation scheme, adsorption ability of the filler. It is shown that the combined deformation consisting of compression and stretching of specimens in different sequence gives structural states for which the longitudinal strain-transverse strain ratio can take zero, positive, or negative values.
Introduction
Recently, there has been much interest shown in the effect of shape recovery or, in other words, in the shape memory effect (SME) in polymer systems of different nature [1] [2] [3] [4] . This is consistent with the tendency of intensively developing studies of the so-called "smart" materials with polymers possessing the SME among them. The effect can be formed by specimen deformation at a temperature close to the glass-transition temperature T g or melting temperature followed by fixation of the stressed state. Such an effect developing under heating is not, as a rule, accompanied by significant changes in volume. However, when a porous structure originates in the material, one can observe the process of the initial-shape recovery and the irreversible volume increase [5] [6] [7] . The increase in volume is due to the opening of microvoids that were healed during deformation. These requirements are, in particular, satisfied by polymer composites with a compacting filler.
Our investigations of the epoxy polymer-thermoexpanded graphite (EP-TEG) system [6, 7] have shown that the composites are very promising. Depending on a chosen scheme of preliminary deformation, it was possible to control the value of one of the geometric dimensions of the specimen upon heating. At the same time, the proposed physical model [4] admitted the preparation of specimens from a porous composite, and they were able to simultaneously increase their dimensions during the SME realization. The mentioned composite would behave like a material with negative Poisson's ratio. In our case, this is the coefficient of proportionality between longitudinal and transverse deformation. Such specimens were for the first time obtained from the EP-TEG composite by a combined deformation (plunger extrusion and compression in a mould) [6] . This paper is aimed at revealing regularities for the SME developed in polymer composites with a compacting filler under different loading schemes.
Experimental
In [6, 7] , a hot-hardened epoxy composition was the basic one. And it was to some extent difficult to have specimens of uniform compositions because of sedimentation process. In this experiment, to reduce the effect, the polymer matrix was a cold-hardened composition based on epoxy resin and dicyanoethulated diethylenetriamine taken in a stoichiometric ratio. The fillers were TEG, aerosil with specific surface value of 175 m 2 /g (A-175), 300 m 2 /g (A-300) and 380 m 2 /g (A-380), coppered graphite with copper content of 69 wt% (C-69), basalt flakes (BF). The specimens were prepared by 2 Smart Materials Research the mixing of epoxy-composition components and fillers in a required ratio followed by hardening in cylindrical moulds by the following schedule: 20
• C, 8 hs + 80 • C, 6 hs. The TEG was produced by a procedure described in [6, 7] , the coppered graphite by a procedure of [8] . Its dispersity was 50-800 μm. Aerosils were industrial products of corresponding grades. BF were produced as follows: basalt melt of the chemical compositions (wt%): SiO 2 −30.2; FeO+ Fe 2 O 3 − 16.1; TiO 2 − 1.6; Al 2 O 3 − 14.4; Ca0 − 9.6; MgO − 4.1; K 2 0 − 3.2 was passed through die orifice, thus forming a jet, the latter got to the rotating turbine of a distributing device. Film flowing out of the rotating turbine was broken by the flow of compressed air. The resulting were basalt flakes of 30 μm-2 mm diameter and nearly 3 μm thick.
The cured billets with a diameter of 7-10 mm and a length of 20 mm were deformed in the high-elastic state and then cooled under isometric conditions to T ≺ T g . Shape recovery was attained by the heating in the free state to T = 85
• C (which is higher than T g ) and by storing for 15 min. The deformation was implemented on a universal testing machine by the plunger extrusion, compression in a mould and by combining the plunger extrusion to a die with elongated channel and the compression in a cylindrical mould of diameter equal to that of die channel.
The strains during extrusion ε e and compression ε c were calculated by the formulas
sample diameters before and after extrusion) and ε c = (l − l c )/l (l, l c : sample length before and after compression). In the case of combined deformation, the axial and radial logarithmic strains were estimated by the formulas: ε l = ln(l/l 0 ) and ε r = ln(r/r 0 ), where l 0 , l, r 0 , r are the initial and current length and radius of the cylindrical specimen, respectively. The residual strain upon the recovery after compression was found as ε res = (l − l rec )/l, where l, l rec : length of initial and recovered specimen, upon the recovery after extrusion:
diameter of initial and recovered specimen.
The bulk density of fillers was determined by a standard method, that is, the weighing of powder in a measuring cylinder of a known volume. The density of compacted powders was determined by weighing and by measuring the geometric dimensions of cylindrical specimens. The density of composites θ c was found by the hydrostatic weighing method using a scales of the AX200 type, Shimadzu company.
T g was determined by the methods of differential scanning calorimetry on a thermoanalytical complex DuPont 9900. The specimens were heated at a rate of 20 deg/min, the mass of weight −15 mg.
Uniaxial compression tests were done on a universal testing machine, the specimens were 15 mm high with the diameter of 10 mm. The velocity of supporting platform travel was equal to 0.5 mm/min. Microhardness H μ was measured by indenter load of 0.5 N. The H μ value was the average of 15-20 measurements.
The strains developed in the specimen under heating in isometric conditions were measured using a universal testing machine. For specimens of diameter 10 mm and height 15 mm the rate of heating was equal to 1 deg/min.
The microstructure was investigated and microphotography was done using a light reflection microscope. The structure was examined at the specimen polished end faces with no etching. The "Image-Tool" and "Excel" application package was used to process the results of quantitative analysis of microstructure whose image was fixed by digital electronic camera.
TEM observation were performed on a JEM-200A Jeol transmission electron microscope; the accelerating voltage was 200 kV. Replicas from the fractured surface were prepared as follows. The X-ray film (matrix) was treated with acetone and glued directly onto the fractured surface. Then, the film was dried, and the dried pattern was decorated with a thin carbon layer. The carbon replica was separated from the matrix and studied by TEM.
Results and Discussion
Deformation of polymer composites by means of extrusion and compression in a mould was chosen by us because of several reasons. First, these are comparatively simple technological methods to get order in orientation. Second, there is the difference in the scheme of developed stressed-strained state of the material. In the case of extrusion the strain tensor has two negative (ε rr , ε ϕϕ ≺ 0) and one positive (ε zz 0) components. In the case of compression in a mould-two zero (ε rr = ε ϕϕ = 0) and one negative (ε zz ≺ 0) components. As a result, in the deformed specimen, there are stresses different in sign: after the extrusion compressive and after the compression-tensile ones. Third, these methods of plastic working give cylindrical specimens with which it is possible to implement two variants of combined deformation, such as extrusion compression in a mould and compression in a mould-extrusion. With the mentioned differences in deformation schemes taken into account it is appropriate to consider peculiarities of the SME for each case separately. Table 1 it is seen that with the increase in filler concentration C the value of the maximum attainable strain ε max , with no composite failure, varies extremely for all the investigated fillers. And the absolute values of ε max and the position of maximum on the ε max (C) dependence are, to a much extent, determined by filler type. The heating of deformed specimens to T T g is accompanied by shape recovery (increase of the length with the diameter remained unchanged); however, for same values of C, the process becomes partially irreversible. Value of residual strain and conditions of its origination depend, the same as in the case of ε max , on filler type.
Compression in a Mould. From data of
The obtained results imply that a universal parameter need be introduced to describe the behavior of composite under filler type variation. As these materials are capable of changing their volume upon deformation and shape recovery due to the presence of microvoids, it seems natural to pay attention to the initial (bulk) density θ of the filler and to its tendency to compaction under pressure. The latter can be estimated by the relative density θ rel equal to the ratio of bulk density of the powder to density of the compact. Figure 1 shows dependences of ε max on parameters θ rel and θ for the investigated fillers. The maximum values of ε max were taken from Table 1. In the first case, there is a monotonous decrease of ε max with the increase of relative density. The dependence is analytically described by a simple logarithmic function
making it possible to predict the behavior of composite, with θ rel known, during the development of the SME. In its turn, the relationship between ε max and θ is ambiguous, that is, the bulk density can not be used for finding a correlation with value of the maximum strain. The extremum change of ε max with the increase of filler content in the composite (Table 1) is explained by competition of two processes. The basic polymer is not practically compressed in the mould because the free volume is small. The introduction of filler results in origination of microvoids making the process of plastic deformation easier. This is also accompanied by volume decrease and growth of ε max . The presence of filler results in the origination of interfacial surface and in the formation of boundary layers [9] . Such adsorbed layers possess high enough density, so the increase of their summary volume with C growth results in the decreasing of deformability of the composite. When, for some values of C, the second process is prevailing, the ε max value becomes decreasing. The introduction of fillers increases T g as compared to the basic polymer (Table 1) and it should be added that the effect increases with filler content and with value of its specific surface. This is confirmed by the data obtained for aerosil. This result agrees well with the known representations [9] , it is related to deceleration of segmental mobility in boundary layers.
The origination of residual strain (Table 1) is, probably, related to the achievement of a specific concentration of boundary layers, when the original dimensions of specimens do not recover completely because of the limited molecular mobility. Another possible reason responsible for ε res is a partial mechanical destruction of polymer network occurring under high deformations and rich filling.
Differences in ε res magnitudes are to some extent due to different adsorption interaction between polymer and filler. For the EP-TEG system the interaction is much weaker than for the rest polymer composites [9] . Hence, ε res is the least. It should be, however, noted that the mechanism responsible for the occurrence of the residual strain could not be only reduced to the adsorption interaction in boundary layers. This is evidenced by the decrease of ε res observed during the growth of the specific surface of aerosil and by the expected enhancement of the adsorption interaction. There are evidently several competing processes, such as changes in ratios of densities of chemical and physical angles in boundary layers [9] .
With the growth of filler concentration the density of composites is increasing (Table 1) . But for different materials, there are different reasons of θ c behavior. In Figure 2 , there are the results of measurements of the composite density represented by diverging curves standing for experimental values and those calculated by the additivity principle. As it is somewhat difficult to estimate the amount of fillers which is composite's component in the loose and compacted states, for a correct estimation, we took the experimental densities of specimens in the compressed state, while in calculations we used densities of EP and filler in the compacted state. In the case of composites containing aerosil, BF and C-69, the experimental data turned out to be higher than the calculated ones, thus evidencing that the transient layers have been formed with a density higher than that of the polymer matrix. This is connected with a high surface energy of the mentioned fillers. For composites with TEG the calculated values of θ c are higher than the experimental ones because of the presence of loose boundary layers. An increase in the density of the EP-TEG composites (Table 1) is attained only at the expense of higher density of the filler as compared to the polymer matrix.
It is interesting to compare the data of Table 1 with the results of uniaxial compression and microhardness test (Table 2) . They correlate with each other to a considerable extent. The addition of aerosil to the EP hardens the material and this is indicated by values of the yield strength σ y , modulus of elasticity E and microhardness H μ . The largest changes are noted for A-380. At the same time, the plasticity of composites becomes lower and the change is sizable for the composite of larger specific surface. This is in accordance with representations on the existence of boundary layers. Only the yield strain ε y for C = 15 wt% deviated from the general behavior. These facts show that the processes taking place in the composite under filling are complex.
In the case of the EP-TEG composite, the disordering of the material was observed together with the increase of plasticity. This points to a weak adsorption interaction between TEG and the epoxy matrix because of the low surface energy of graphite.
The results of electron microscopic studies also agree with the data listed in Tables 1 and 2 . Figure 3 presents microscope images of the fracture surface of composites containing TEG, A-175 and A-380. In the case of the EP-TEG composite (Figure 3(a) ), the fractured surface passes through the interfacial boundary; on approaching the TEG surface, the structure of the polymer matrix does not change and this pattern is associated with the weak interaction between a polymer and filler. For composites containing aerosil (A-175 and A-380), a crack propagates across the polymer matrix ( Figures  3(b) and 3(c) ) and this indicates the existence of a strong adsorption interaction in the boundary layer. In this case, in the composites containing a filler with a high specific surface (A-380), a more energy consuming interfacial boundary is formed, and hence, the adsorption interaction is enhanced. Figure 4 illustrates changes in stresses σ rec developed in the composites under shape recovery. The heating of specimens under the isometric conditions results in the occurrence of σ rec maxima in the region of glass-transition temperatures. Their height depends on filler properties and magnitude of specific surface. In the EP-TEG composite, near 60
• C, comparatively low stresses are generated. In the case of the EP-aerosil system, the stresses are higher, especially in materials based on EP and A-380. The correlation between σ rec and strength characteristics of the composites is evident, that is the hardening contributes to generation of internal stresses when shape recovery is constrained. The obtained result is in agreement with conclusions of paper [10, 11] where the authors studied the SME in the EP-SiC system.
In such a way, taking the polymer matrix of high deformability and the compacting filler of low relative density, it is possible to obtain composites for products which will recover their shape with the maximum change in volume. The SME characteristics can be also controlled by using fillers of various surface energies.
Extrusion.
In the case of extrusion, both the matrix polymer and the composites with different filler content make it possible to realize high enough strain with no specimen failure. Table 3 contraction. In this case, in contrast to compression in the mould, the residual deformation is conserved already at low concentrations of filler. Its value depends on both the filler type and the degree of stretching. Under the extrusion, ε res for the EP-TEG is lower than for other materials, and for all the composites it increases with ε e and C. The comparison of results obtained for aerosils of three types, differing in the magnitude of specific surface, shows the following. There is a little difference in absolute values of ε res corresponding to one and the same values of C and ε e . Nevertheless, there is a clear tendency of ε res decrease in the A-175 → A-300 → A-380 series. It is seen the best for the maximum values of ε e . The revealed regularity correlates with the found in the case of compression (Table 1) : an increase in the specific surface of filler decreases ε res . The like good agreement is in the case of polymers filled with graphite. In the polymers, ε res is lower than in EP-aerosil composites both in the case of extrusion and compression. This difference becomes more considerable when the comparison is more correct, that is, when filler content is evaluated in volume percent, not in the weight ones.
The absence of residual deformation after the recovery of extruded matrix-polymer shape underlies the decisive contribution of boundary layers to the formation of ε res . Resting on this fact, one can presuppose the following mechanism of residual strain development in composites subjected to plunger extrusion. When the material is extruded through the die, the deformation of elongation plays the dominant part in the stressed-strained state scheme. Its action results in a more intensive, than under compression, failure of the intersite fragments of the polymer network in boundary layers, and the shape recovery becomes irreversible. In composite with weak physical bonds between filler and polymer matrix (EP-TEG), the polymer chains are very mobile in boundary layers and this conditions a lower probability of failure (lower values of ε res ) as compared to systems with strong adsorption interaction (EP-aerosil). It is, at the same time, known [9] that in the filler the density of chemical crosslinking on the surface is lower than far from the boundary layer. Changing the mobility of intersite chains, this factor influences the tendency of the material to failure. In the case of aerosil with the most developed surface (A-380), the factor provides better conditions for preserving the integrity of polymer network during the deformation by extrusion and compression in the mould.
Consequently, for the formation of the SME in composites based on network polymers by means of solid-phase extrusion, one should remember that the presence of filler can't guarantee the complete shape recovery. This peculiarity of the SME is connected with the scheme of the stressedstrained state of the material and provoked by the failure of polymer-network elements near filler surface occurring under deformation.
Combined Deformation.
As revealed on the example of simple loading schemes ( Figure 1 and Table 3 ), in the filled network polymer the maximum strains are attained in composites with fillers of low relative density. That is why, for the combined deformation, we took composites containing TEG and aerosil.
To reduce the bulk of work, we varied the value of C and limited ourselves by filler content of 10 wt%. This is the situation when with the both methods of specimen preparation we expect rather high values of ε max with the minimization of ε res . This statement is based on data of Tables 1 and 3 .
It has been shown [12] that it is convenient to represent the processes of deformation and shape recovery within the coordinates of logarithmic strain-the axial ε l and the radial ε r . Figure 5(a) illustrates strain for the EP-TEG composite under the extrusion combined with the compression in the mould. Diameter of the circle is a measure of reversibility: the smaller the diameter, the closer the dimensions of heated composite to the original ones. The magnitude ε = ε l + 2ε r characterizes changes in volume [12] . If the deformation of material occurs with no volume change, then ε = 0, with a decrease in volume: ε ≺ 0, with an increase in volume: ε 0.
By analogy with Poisson's ratio ν, for the case of high inelastic strains, we can introduce the effective coefficient of transverse strain ν ef by using the formula:
However, in contrast to ν, it is not a constant and depends on loading and unloading (shape recovery) conditions. It follows from the above relationship that in the I and III quadrants of the coordinate system (ε l ,ε r ) parameter, ν ef takes negative values, in II and IV quadrants-positive ones.
Figure 5(b) shows that when deformation of the composite includes extrusion followed by compression in a container with diameter of the channel equal to that of the extrudate, the extrusion gives positive values of ν ef of the specimen. Subsequent compression gives negative values of the coefficient if stretching is not large. The extent of recovery decreases with the increase of stretching extent.
In the case of the reverse scheme ("compression-extrusion"), the compressed specimen possesses zero ν ef (shape recovery is by length increase with the diameter remaining unchanged), then the extrusion results in specimen state with negative ν ef , and when the extent of stretching is large, ν ef is positive.
In the case of aerosol, the behavior of the trajectories of straining becomes somewhat different ( Figure 6 ). In the case of combined deformation by the extrusion compression scheme, the subsequent compression gives (even for a large extent of the stretching) material with negative ν ef . This peculiarity extends to the reverse scheme: for ε e = 0.2 the composite EP-A-175 possesses negative ν ef . With equal values of corresponding strains, a lower extent of the recovery, as compared to the EP-TEG system, is with specimens filled with aerosil. Moreover, the extent of recovery increases with the growth of specific surface value. This result correlates with the behavior of ε res in the case of simple schemes of loading (Tables 2 and 3 ). The extent of recovery depends on the utilized variant of combined deformation too. With the "extrusion compression" scheme, the composites show better capability to shape recovery.
As has been already mentioned, the change of composite volume under deformation and shape recovery is related to the ability of polymer matrix of "entering" and "leaving" the pores under the action of external stresses or internal stresses created in the material. This process is reflected in the microstructure of the filled systems. Studies of structure illustrating the changes typical of combined scheme of loading have been done with the EP-TEG composite, for which the deformation trajectories have been analysed ( Figure 5 ). To minimize the effect of material heterogeneity when performing comparative quantitative estimations, the specimens for different schemes of combined deformation were cut from the middle portion of one and the same cylindrical billet. The microstructure was studied on cuts made on interfaces.
It has been determined that in the original samples there are rather coarse aggregates of graphite particles of the average size d = 740 μm (Figure 7(a) ) and d = 710 μm (Figure 8(a) ). Deformation by the "extrusion compression" scheme ( Figure 7(b) ) results, after the extrusion, in crushing and compaction of the aggregates to = 510 μm. Subsequent compression in the mould result in a higher compaction of filler aggregates −d = 420 μm (Figurer 7(c) ). The heating to T T g in the free state results in recovery of the initial sample shape and enlargement of the average size of cavities filled by graphite to 700 μm ( Figure  7(d) ). The dynamics of changes is well seen on the diagram of Figure 9 (a).
Under the "compression-extrusion" scheme, the TEG aggregates first become refined and compacted with their initial size decreasing to d = 470 μm (Figure 8(b) ). This parameter is negligibly increased to d = 485 μm after the extrusion (Figure 8(c) ). In the recovered sample, d = 680 μm (Figure 8(d) ). Thus, the character of microstructure evolution is different under different schemes of combined deformation. Table 4 . Here θ init c , θ e c , θ c c , θ rec c -density of initial composite, density after extrusion, compression and shape recovery, respectively.
The diagrams of Figure 9 as well as the data of Table 4 permit us to draw a number of conclusions, in particular, about the behavior of microvoids and the effective healing there of under different types of deformation.
Allowing for a high compressibility of the TEG [6] it can be assumed that already at the first stage of deformation the filler becomes compacted irrespective of the scheme of combined deformation utilized. Further its density varies a little even during the shape recovery. The increase of d observed upon heating the composites is due to the opening of pores healed upon deformation when the combined deformation ends in compression, d and θ c change the most as compared to the original material. This is due to the decrease of volume occupied by the pores. Consequently, this type of combined deformation should be of preference when it is desirable to realize the SME with the largest changes in volume.
In such a way, the usage of combined deformation involving the processes of compression and tension in different sequence makes it possible to form such structural states of the composites when longitudinal-to-transverse deformation relationship may have, under shape recovery, both positive and negative values. The residual deformation under shape recovery is due to boundary layers present in the polymer composite.
The residual deformation value depends on both the adsorption ability of the filler and the deformation scheme.
Consider the mechanisms of SME formation and realization in crosslinked composites, including the filled ones. In the oriented polymers there are directions along which the segments of molecular chains align, this contrasts with nonoriented polymers or isotropic materials in which the macroscopic order is absent. The degree of molecular orientation depends on chemical structure and peculiarities of polymer structure organization, as well as on the method by which the orientation order is formed [2] . Macromolecular structure stability is defined by the chain conformation and the force of interaction between molecular segments. Partially stretched conformations typical of the oriented polymers stipulate a state thermodynamically less stable as compared to nonoriented polymers.
For the deformed polymers the process of shape recovery is based on the tendency of attaining a thermodynamic equilibrium. The latter is defined by the minimal value of corresponding thermodynamic potential which is the difference between the internal energy and the entropy of components of macromolecules the polymer system consist of [2] . The deformation-induced orientation of polymer chains decreases the entropy of the system. Therefore the stability of deformed-polymer shape will depend on changes in the internal energy. In the amorphous polymers, the nonequilibrium state induced by deformation is only preserved after cooling below T g . The heating above T g results in a growing mobility of macromolecular links which, in turn, results in conformation changes and creation of the equilibrium folded chains together with the reduction of molecular orientation.
From the topological viewpoint, a crosslinked polymer is a system of densely crosslinked and closely packed aggregates bound, as a rule, by more sparse, in view of concentration, intersite chains [9] . Apart from the latter, in the polymer there are small linear and branched molecules (sol-fraction) not relating to the net [9] . The mechanism of the crosslinked polymer deformation can be represented as follows. When the crosslinked polymer is deformed by compression, the intersite chains become folded in the mould, their axis coincides with or is at an angle to the direction of compression (chains 1,2, Figure 10 ). The degree of their compression depends on value of free volume of such polymer. At a definite degree of deformation, the short or completely compressed chains of type 1,2 break and there occurs polymer-net mechanical destruction.
In the case of extrusion, the intersite chains undergo tension in direction of drawing (chains 1,2, Figure 11 ) and compression in perpendicular direction (chains 3,4, Figure  11 ). For definite degrees of drawing, the short or stretched chains can also provoke the mechanical destruction of the polymer net.
Proceeding from [9] , it can be assumed that in crosslinked polymers, the same as in the case of linear amorphous polymers, the deformation gives rise to microvolumes where shear deformations are localized. For high ε values or with T ≥ T g the interaction of microvolumes results in molecular rearrangement and conformation changes in the deformed chains. As a result, under heating above T g is observed the relaxation of molecular orientation.
To conceive changes occurring during orientation of the filled crosslinked polymer, its space structure need be simulated in view of filler distribution in the polymer in the form compactable aggregates. In the case of compression in a mould or under extrusion, the filler aggregates are compacted and the free volume is filled by polymer matrix. In this case, the mechanism of polymer-matrix deformation is similar to the described above for the unfilled polymer. When the shape is completely recovered, the cycling with a small number of tests (to five) does not result in changes of the degree of recovery and the value of the maximum attainable deformation. It can be, thus, assumed that under cycling, the total volume of pores, due to the introduction of filler agglomerates, remains constant and the number of intersite chains participating in the loading-unloading cycles is large as compared to the number of broken chains.
Conclusions
(1) During the SME realization in composite based on network polymer and compacting filler, a change in volume is the larger the lower the relative density of the filler.
(2) The value of stresses developed in composites under shape recovery is defined by the hardening ability of the filler.
(3) Residual strain upon shape recovery is connected with the presence of boundary layers in polymer composite. Its magnitude depends on both the adsorption ability of the filler and the scheme of deformation.
(4) The utilization of combined deformation, consisting of the processes of compression and elongation of specimens in any sequence, makes it possible to form such states of composite structure when the ratio between radial and axial components of the strain can take zero, positive or negative values during the shape recovery.
